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b-Catenin is an oncogenic protein involved in regulation of cell-cell adhesion and gene expression. Accu-
mulation of cellular b-catenin occurs in many types of human cancers. Four mechanisms are known to cause
increases in b-catenin: mutations of b-catenin, adenomatous polyposis coli, or axin genes and activation of
Wnt signaling. We report a new cause of b-catenin accumulation involving oncogenic mutants of RON and
MET receptor tyrosine kinases (RTKs). Cells transfected with oncogenic RON or MET were characterized by
b-catenin tyrosine phosphorylation and accumulation; constitutive activation of a Tcf transcriptional factor;
and increased levels of b-catenin/Tcf target oncogene proteins c-myc and cyclin D1. Interference with the
b-catenin pathway reduced the transforming potential of mutated RON and MET. Activation of b-catenin by
oncogenic RON and MET constitutes a new pathway, which might lead to cell transformation by these and
other mutant growth factor RTKs.

b-Catenin (Drosophila homologue Armadillo) is a multi-
functional protein discovered as a component of adherens
junctions (77). b-Catenin associated with E-cadherin and
a-catenin at the plasma membrane regulates cell adhesion,
whereas cytoplasmic b-catenin is involved in signal transduc-
tion and activation of gene expression (12). The amount of
uncomplexed cytoplasmic b-catenin is tightly regulated by a
multiprotein complex containing axin, adenomatous polyposis
coli (APC), and glycogen synthase kinase 3b (GSK3b). Phys-
ical interaction between these proteins promotes b-catenin
phosphorylation on serine residues by GSK3b, an event lead-
ing to b-catenin ubiquitination and proteasomal degradation
(8).

Increased cellular b-catenin due to mutations in APC tumor
suppressor or b-catenin genes occurs in many human cancers,
including those of colon and skin (14, 57, 68, 92). Mutations in
axin leading to b-catenin accumulation have been found in
hepatocellular carcinomas (16, 96). All these mutations result
in reduced degradation of b-catenin, which is believed to pro-
mote tumor formation by constitutive activation of b-catenin
targets (68, 84). Another pathway leading to b-catenin stabili-
zation is activation of the Wnt signaling, the vertebrate homo-
logue of Drosophila Wingless (75, 82, 102). Wnt genes are
tumorigenic in mice (75) and may also be implicated in human
cancer (84).

The MET receptor tyrosine kinase (RTK) family contains
three members: MET (17, 34, 81), RON (89), and c-Sea (42)
(Sea may be a chicken RON orthologue). MET is the receptor

for hepatocyte growth factor (HGF) (10). MET is expressed in
a number of cell types, including epithelial cells (23, 105),
endothelial cells (13, 35), myoblasts (2), spinal motor neurons
(27), and hematopoietic cells (30, 74). Interaction of HGF with
MET activates multiple intracellular signaling pathways in-
volved in muscle and liver formation (32, 62, 97), cell prolif-
eration (64, 73, 91), morphogenesis (66), and motility (105,
106). In addition to regulation of normal cell functions, MET
is implicated in development and progression of a number of
tumors. Increased MET expression has been found in papillary
carcinomas of the thyroid gland; carcinomas of colon, pan-
creas, and ovary; and osteogenic sarcomas (23–25, 28, 33, 50).
Point mutations in the MET kinase domain have been identi-
fied in hereditary and sporadic papillary renal carcinomas (98,
99).

RON, the receptor for macrophage-stimulating protein
(MSP, also known as HGF-like protein) (115), is another
member of the MET RTK family sharing many common fea-
tures with MET (89). RON is expressed in different cell types,
including macrophages (47), epithelial cells (113, 114), oste-
oclasts (59), and hematopoietic cells, such as erythroid and
myeloid progenitor cells (48) and bone marrow megakaryo-
cytes (3). Ligand-stimulated RON activates the pathways reg-
ulating cell adhesion and motility, growth, and survival (20,
21). Recent investigations have shown that activated RON is
expressed in human primary breast carcinomas (61) and in a
number of cancer cell lines that are removed from the host
tissue environment (15, 31). Truncated RON confers suscep-
tibility to Friend virus-induced erythroleukemia in mice (83),
and the avian oncogene v-sea, which is highly homologous to
RON, causes erythroblastosis in chickens (104). Although
RON has not yet been implicated as a cause of any human
neoplasm, the above data indicate its oncogenic potential.

Activating mutations in growth factor RTKs may result in
oncogenic cell transformation and tumor development. A
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number of human neoplastic syndromes are associated with
activating point mutations in a highly conserved region of the
tyrosine kinase domains of the KIT, RET, and MET receptors
(98). Mutation of aspartic acid at position 816 (D816V) in the
KIT receptor causes mast cell leukemia and mastocytosis (71,
110). Substitution of a threonine for methionine in RET
(M918T) and in MET (M1268T) receptors is associated with
multiple endocrine neoplasia (93) and renal papillary carci-
noma (98), respectively. Experimental mutations in the con-
served region of the RON kinase domain (D1232V, KIT type;
M1254T, RET/MET type) result in a tumorigenic phenotype
(95, 117).

In the present work we show that expression of tumorigenic
RON (M1254T and D1232V) or MET (M1268T) mutants
causes cellular accumulation of b-catenin. The increase in cel-
lular b-catenin is accompanied by constitutive activation of the
Tcf-4 transcriptional factor and Tcf-dependent accumulation
of c-myc and cyclin D1 oncogenes. Biochemical data suggest
that the initiating step may be b-catenin tyrosine phosphory-
lation by mutated RON and MET. Inhibition of the b-catenin
pathway resulted in reduction of RON and MET mutant trans-
forming ability. In light of numerous data reporting increased
cellular b-catenin in cancer (7, 68, 84), this pathway may con-
tribute to cell transformation by mutated growth factor recep-
tors of the MET family.

MATERIALS AND METHODS
Antibodies. RON receptor was immunoprecipitated from cell lysates by using

mouse monoclonal anti-RON antibodies (clone ID2; a gift from F. Montero-
Julian) (65). Rabbit anti-RON antibodies (C-20; Santa Cruz, Santa Cruz, Calif.)
were used for Western blotting. Protein tyrosine phosphorylation was detected
by Western blotting using antiphosphotyrosine (anti-PY) antibodies (clone
4G10; UBI, Lake Placid, N.Y.). Rabbit anti-C-terminal b-catenin (H-102, Santa
Cruz) and anti-N-terminal b-catenin (UBI) antibodies were used for b-catenin
immunoprecipitation and Western blotting, respectively. Antiaxin (Zymed,
South San Francisco, Calif.) and mouse monoclonal anti-GSK3 (0011-A; Santa
Cruz) antibodies were used for axin and GSK3 immunoprecipitation and West-
ern blotting. Anti-c-myc (monoclonal, C-8), anti-cyclin D1 (monoclonal, HD11),
anti-human and -mouse MET (rabbit, C-28 and SP260), antiubiquitin (mono-
clonal, P1A6), and anti-JNK1 (rabbit, FL) antibodies were from Santa Cruz.
Mouse monoclonal anti-pMAPK antibodies were from New England BioLabs,
Beverly, Mass. Mouse monoclonal anti-mitogen-activated protein kinase (anti-
MAPK) antibody was from Transduction Laboratories (Lexington, Ky.). Rabbit
anti-phospho-JNK antibodies were from Promega (Madison, Wis.). Mouse
monoclonal anti-b-actin antibody (clone AC-15) was from Sigma (St. Louis, Mo.).

Site-directed mutagenesis of RON receptor. M1254T and D1232V RON mu-
tants were generated using the GeneEditor (Promega) mutagenesis kit with
mutagenesis oligonucleotides described earlier (95).

Cells and transfections. MDCK and NIH 3T3 cells (purchased from the
American Type Culture Collection (Manassas, Va.) were grown in Dulbecco
modified Eagle medium (DMEM) with 10% fetal calf serum (FCS). For stable
expression of RON, cells in 10-cm-diameter dishes were transfected with 10 mg
of RON cDNA by Superfect reagent (Qiagen, Santa Clarita, Calif.) and were
placed in medium with 500 mg of Geneticin (Life Technologies, Inc.). RON
expression was measured by Western blotting with anti-RON antibodies (Santa
Cruz) in total cell lysates as well as in RON immunoprecipitates (IPs). NIH 3T3
cells expressing MET WT or M1268T mutant used in this work have been
previously described (51, 72).

Cell stimulation. Cells were incubated overnight in medium without serum
and were then collected from dishes and stimulated with 5 nM MSP for 15 min.
Cells incubated in medium alone served as a control. For some experiments cells
were pretreated with 1 mM sodium pervanadate (PV) for 15 min, after which PV
was removed by changing culture medium after cell centrifugation. The PV
solution was prepared as previously described (85). PV-pretreated cells were
used for subsequent stimulation. To inhibit proteasomal protein degradation,
cells were incubated with 25 mM N-acetyl-Leu-Leu-norleucinal (ALLN) for 6 h.

Cell lysis, immunoprecipitation, and Western blotting. After stimulation, cells
were lysed in lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 10% glycerol,

1 mM EDTA, 1 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 100
mM NaF, 1% Triton X-100, 10 mg of leupeptin/ml, 10 U of aprotinin/ml, and 1
mM phenylmethylsulfonyl fluoride). Cell lysates were immunoprecipitated or
were used directly for detection of proteins by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) and Western blotting.

RON kinase assay in vitro. RON was immunoprecipitated from cell lysates by
RON antibodies. IPs were washed twice in HNTG buffer (50 mM HEPES, pH
7.4, 150 mM NaCl, 0.1% Triton X-100, and 10% glycerol) and twice in kinase
buffer (20 mM HEPES, pH 7.4, 10% glycerol, 10 mM MgCl2, 10 mM MnCl2, and
150 mM NaCl). To initiate kinase reactions, 15 mCi of [g32-P]ATP (3,000 Ci/
mmol; 10 mCi/ml) was added, and IPs were incubated 30 min at room temper-
ature in 15 ml of total volume. The exogeneous substrate, myelin basic protein,
was added to the kinase reaction mixture at a concentration of 0.5 mg/reaction
tube. Reactions were stopped with 5 ml of 43 sample buffer. Phosphorylated
RON or its substrate, myelin basic protein, was visualized after SDS-PAGE by
autoradiography.

RON phosphorylation of b-catenin in a kinase assay in vitro. After stimula-
tion with MSP (5 nM) for 15 min, cells were lysed and RON was immunopre-
cipitated. For the kinase assay, immunoprecipitated RON wild type (WT) or
M1254T mutant from stimulated or unstimulated cells was mixed with immuno-
precipitated b-catenin from unstimulated MDCK cells. The kinase assay was
performed as described above. Phosphorylated RON or b-catenin was visualized
after SDS-PAGE and transfer onto a nitrocellulose membrane by autoradiog-
raphy. The amount of RON or b-catenin in each sample was determined by
probing the same membrane with appropriate antibodies.

Pulse-chase analysis of b-catenin. MDCK or NIH 3T3 cells expressing RON
WT or mutants were labeled with [35S]methionine and [35S]cysteine (100 mCi/
ml) for 60 min at 37°C in methionine- and cysteine-free DMEM containing 8%
dialyzed FCS. Labeled cells were rinsed twice in normal DMEM containing
methionine and cysteine and were incubated in this medium for the indicated
times, after which b-catenin was immunoprecipitated from the lysed cells. After
SDS–8% PAGE of the IPs, proteins were transferred to a nitrocellulose mem-
brane for radioautography and quantification of the labeled proteins by scanning
and integration with National Institutes of Health Image software. Bands cor-
responding to b-catenin were identified by immunoblotting.

Luciferase assay. The reporter plasmids 33 WT Tcf-binding site (TOPFLASH)
and 33 mutated Tcf-binding site (FOPFLASH) were from Promega. Adenoviral
constructs containing b-galactosidase (b-Gal) or dominant-negative (DN) hu-
man Tcf-4 were prepared as previously described (38). Cells expressing RON or
MET WT or mutants in 10-cm-diameter dishes were infected with adenovirus
encoding b-Gal or DN Tcf-4 as described previously (37). Twenty-four hours
later, these cells were transfected with luciferase reporter plasmids (10 mg/dish;
using Superfect reagent as described above) containing WT (TOPFLASH) or
mutated (FOPFLASH) Tcf promoter. After an additional 24 h, Tcf activity was
determined by luciferase assay according to the standard Promega protocol.
Luciferase activity was measured in cell lysates by using a chemiluminometer and
was normalized to total protein.

Cell infection with adenoviral constructs and detection of cyclin D1 and c-myc
expression. NIH 3T3 cells expressing MET WT or M1268T mutant or MDCK
cells expressing RON WT or M1254T mutant were infected with adenovirus
encoding b-Gal or DN Tcf-4. After 48 h the amount of c-myc and cyclin D1 was
determined in total lysates from cells by Western blotting with anti-c-myc or
anti-cyclin D1 antibody.

Focus-forming assay. A focus-forming assay was performed as described (29).
Briefly, NIH 3T3 cells stably expressing RON WT or RON M1254T or MET WT
or MET M1268T were transfected by Superfect reagent (Qiagen) with 2 mg of
pMSCVpuro vector (Clontech, Palo Alto, Calif.) carrying enhanced green fluo-
rescent protein (EGFP) as a control or the kinase-dead RON (RONkd) gene in
a six-well tissue culture plate. RONkd (K1114 M) was generated using the
GeneEditor (Promega) mutagenesis kit as described previously (22). Two days
later cells were split and placed in DMEM containing 10% FCS, 500 mg of
Geneticin (Life Technologies, Inc.), and 1 mg of puromycin (Clontech)/ml.
Transfected cells were used for the focus-forming assay and for Western blotting
3 weeks after transfection.

RESULTS

RON mutants induce constitutive phosphorylation of b-cate-
nin. Single amino acid substitutions (D1232V or M1254T) in
the RON tyrosine kinase domain that mimic the oncogenic
mutations found in KIT (D814V) in human mastocytosis (110)
and RET (M918T) in MEN2B (93) convert normal RON into

5858 DANILKOVITCH-MIAGKOVA ET AL. MOL. CELL. BIOL.



an oncogenic receptor (95, 117). To investigate signaling path-
ways activated by RON M1254T and D1232V mutants that
might contribute to oncogenic cell transformation, we estab-
lished MDCK and NIH 3T3 cell lines expressing the WT,
M1254T, or D1232V RON receptor. To avoid artifacts caused
by clonal selection, we used in all experiments a polyclonal
population of stable transfectants. We observed ligand-inde-
pendent tyrosine phosphorylation of RON M1254 and
D1232V receptor mutants in both MDCK (Fig. 1A) and NIH
3T3 cell lines (data not shown). Tyrosine phosphorylation of
mutant RON receptors correlated with enhanced kinase activ-
ity of the receptors (data not shown). Both RON mutants
displayed transforming potential, as determined by an in vitro
focus-forming assay (data not shown). Our results are in agree-

ment with published data on the constitutive activity and tu-
morigenicity of these mutants (95).

A search for intracellular molecules that are constitutively
tyrosine phosphorylated in cells expressing mutant RON re-
vealed b-catenin (Fig. 1B, upper panel). In the absence of MSP
stimulation, b-catenin was tyrosine phosphorylated in cells
with RON M1254T (Fig. 1B, upper panel) and with RON
D1232V (data not shown) but not in cells with RON WT (Fig.
1B, upper panel). Moreover, treatment of cells expressing
RON WT with MSP did not cause b-catenin tyrosine phos-
phorylation (Fig. 1B, upper panel). These data suggest that
activating mutations M1254T and D1232V may lead to a
switch of RON kinase substrate specificity: b-catenin is a sub-
strate for mutant RON but not for RON WT.

Association of b-catenin with RON receptor. To investigate
the potential association of RON with b-catenin in intact cells,
MDCK-RON-expressing cell lines were lysed and immunopre-
cipitated with antibodies either against RON or b-catenin.
Western blotting showed that RON and b-catenin were recip-
rocally coprecipitated from cell lysates (Fig. 2A). The associ-
ation was constitutive (Fig. 2A) and was not affected by ligand
stimulation (data not shown). b-Catenin coprecipitated with
either immunoprecipitated RON WT or M1254T mutant (Fig.
2A, upper blot), and both receptors coprecipitated with immu-
noprecipitated b-catenin (Fig. 2A, lower blot). These data in-
dicate that RON and b-catenin are spatially associated. We
believe that b-catenin-RON association is not due to RON
overexpression. RON expression in established MDCK and
NIH 3T3 cell lines is no greater than endogenous RON ex-
pression in a HaCat cell line (data not shown).

Mutated RON tyrosine kinase can phosphorylate b-catenin
in vitro. The association of RON with b-catenin suggests that
the observed tyrosine phosphorylation of b-catenin in cells
expressing M1254T mutant RON might be mediated by RON
kinase. To investigate whether b-catenin is a potential sub-
strate for RON kinase, we assayed the capacity of RON to
phosphorylate b-catenin in vitro. RON was immunoprecipi-
tated from nonstimulated or MSP-stimulated MDCK cells ex-
pressing either RON WT or M1254T mutant. b-Catenin was
immunoprecipitated from nonstimulated, starved, parental
MDCK cells, which do not express detectable RON. After that,
beads carrying precipitated RON receptor (WT or M1254T
mutant) were mixed with beads carrying precipitated b-catenin
and were incubated in kinase buffer containing radioactive
ATP. We were thus able to detect kinase-mediated incorpora-
tion of 32P into b-catenin. b-Catenin was phosphorylated when
mixed with precipitated RON M1254T mutant but not with
RON WT (Fig. 2B, upper panel). RON WT did not phosphor-
ylate b-catenin (Fig. 2B, upper panel), even after receptor
activation by the ligand (Fig. 2B, upper panel). b-Catenin
phosphorylation by mutant RON was independent of ligand
stimulation (Fig. 2B, upper panel). The kinase assay data (Fig.
2B) correlate with the results obtained in vivo (Fig. 1B, upper
panel). Only RON M1254T mutant caused phosphorylation of
b-catenin in vivo (Fig. 1B, upper panel) or in vitro (Fig. 2B,
upper panel). The in vitro results show that mutant RON, or a
kinase that coprecipitates with mutant RON, can phosphory-
late b-catenin.

b-Catenin tyrosine phosphorylation correlates with its met-
abolic stability. Because of the high amounts of b-catenin in

FIG. 1. (A) Constitutive ligand-independent tyrosine phosphoryla-
tion of RON M1254T and D1232V receptor mutants. MDCK cells
expressing RON WT or M1254T or D1232V mutants were lysed, and
RON receptor was immunoprecipitated from lysates by anti-RON
antibodies. RON tyrosine phosphorylation was detected by Western
blotting (WB) with anti-PY antibodies (upper panel). The lower panel
represents reblotting with anti-RON antibodies to obtain the amount
of RON in precipitates. Positions of molecular-weight markers are
indicated on the right in kilodaltons. MOCK, empty vector. (B) Mu-
tant RON M1254T induces constitutive tyrosine phosphorylation of
b-catenin. MDCK or NIH 3T3 cells expressing RON WT or M1254T
mutant were stimulated with 5 nM MSP for 15 min. After stimulation
cells were lysed, and b-catenin was immunoprecipitated with anti-b-
catenin antibodies. Tyrosine phosphorylation of b-catenin (WB:PY)
was detected by Western blotting with anti-PY antibodies (upper pan-
el). The amount of b-catenin in precipitates was determined with
anti-b-catenin antibodies (WB:b-catenin). Positions of molecular-
weight markers are indicated on the right in kilodaltons.
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cells expressing RON M1254T (Fig. 1B, lower panel), we pos-
tulated that b-catenin catabolism might be decreased in these
cells. A pulse-chase assay was performed to determine the
effect of RON M1254T on b-catenin catabolism. The b-catenin
degradation rate in cells expressing RON M1254T was signif-
icantly lower than the rate in cells with RON WT (Fig. 3). To
answer whether tyrosine phosphorylation of b-catenin affects
its stability, we pretreated parental MDCK cells without de-
tectable RON expression that had been transfected with the
empty vector (MOCK) (control cell line) with PV, an inhibitor
of tyrosine-specific phosphatases (53, 107). Exposure of cells to

PV for 15 to 20 min resulted in tyrosine phosphorylation of a
number of cellular proteins, including b-catenin. The level of
b-catenin tyrosine phosphorylation was stable and comparable
at all experimental time points (data not shown). PV also
decreased the degradation rate of b-catenin (Fig. 3). From the
data in Fig. 3, the estimated half-life of b-catenin was approx-
imately 2 h in cells expressing RON WT and longer than 4 h in
cells expressing RON M1254T or in MDCK-MOCK cells pre-
treated with PV. Since the delayed degradation of b-catenin in
both of these experimental models is associated with tyrosine
phosphorylation of b-catenin, phosphorylation may mediate
b-catenin metabolic stability.

FIG. 2. (A) RON association with b-catenin. MDCK cells express-
ing RON WT or M1254T mutant were lysed. The cells from which
these lysates were made were not stimulated with MSP. RON and
b-catenin were immunoprecipitated from cell lysates with anti-RON
and anti-b-catenin antibodies, respectively. b-Catenin in RON precip-
itates was detected by Western blotting (WB) with anti-b-catenin an-
tibodies (upper panel). RON in b-catenin precipitates was detected
with anti-RON antibodies (lower panel). Positions of molecular-weight
markers are indicated on the right. (B) RON M1254T mutant but not
RON WT can phosphorylate b-catenin in vitro. Nonstimulated or
MSP-stimulated MDCK cells expressing RON WT or M1254T mutant
were lysed, and RON was immunoprecipitated from cell lysates. After
that beads containing immunoprecipitated RON were mixed with
beads containing b-catenin immunoprecipitated from nonstimulated,
starved MDCK parental cells (without detectable RON expression).
Mixed, immunoprecipitated RON and b-catenin were incubated in
kinase buffer with radioactive ATP at 30°C for 30 min. Proteins were
separated by SDS-PAGE and transferred onto a nitrocellulose mem-
brane. Incorporation of 32P into b-catenin was detected by autoradiog-
raphy (upper panel). The amount of b-catenin in each sample was
detected by probing of the same membrane with anti-b-catenin anti-
bodies (lower panel). Control, all components except for immunopre-
cipitated RON. Positions of molecular-weight markers are indicated
on the right.

FIG. 3. Expression of RON M1254T or cell treatment with PV
increases metabolic stability of b-catenin. MDCK cells expressing
RON WT, M1254T mutant, or MOCK (“empty vector”-expressing
cells) pretreated with PV for 15 min were pulse labeled with [35S]me-
thionine and/or cysteine for 1 h. Radioactive medium was then re-
placed by unlabeled medium, and cells were lysed at the indicated
times. b-Catenin was immunoprecipitated from cell lysates, and the
incorporation of 35S into b-catenin was detected by radioautography
(A). The level of 35S incorporation into b-catenin was calculated by
densitometry of the labeled b-catenin bands on the radioautographs
and was expressed as the percentage of the value at time zero. Graph
data are means 6 standard errors of three independent experiments
(B).
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RON mutants inhibit b-catenin-axin/GSK3b complex for-
mation. Four mechanisms are known to cause increases in
cellular levels of b-catenin: (i) mutations in the b-catenin gene,
(ii) mutations in the APC gene, (iii) mutations in the axin gene,
and (iv) activation of Wnt signaling. All four result in the
stabilization of b-catenin (84). The amount of b-catenin in
cells is regulated by ubiquitin-dependent proteolysis (1). Pre-
treatment of cells with ALLN inhibits proteasome-mediated
proteolysis of ubiquitinated proteins, which leads to accumu-
lation of proteins degraded by this pathway (18). This ap-
proach allows detection of ubiquitinated proteins, including
b-catenin (1). Pretreatment of cells expressing RON WT with
ALLN led to the appearance of a high-molecular-weight
b-catenin, which was consistent with b-catenin coupled to
ubiquitin (Fig. 4, b-catenin, arrow). By probing the same mem-
brane with antiubiquitin antibodies, we showed that the high-
molecular-weight b-catenin band contained ubiquitin (Fig. 4,
UB). In contrast to cells expressing RON WT, b-catenin IPs
from cells expressing RON M1254T, with or without ALLN
treatment, were tyrosine phosphorylated (Fig. 4, PY) and were
not ubiquitinated (Fig. 4, UB). Our results suggest that b-cate-
nin tyrosine phosphorylation occurring constitutively in cells

with RON M1254T protects this molecule from ubiquitination
and proteasome-induced degradation.

Regulation of b-catenin degradation is a complex process
involving a number of intracellular proteins. b-Catenin ubiq-
uitination is preceded by phosphorylation of its N-terminal
serine residues by GSK3b (44), which occurs only in a multi-
molecular complex formed between b-catenin, axin or axil
(related scaffold protein [5, 44, 56]), GSK3b, and APC protein
(5, 8, 43, 84). Expression of RON M1254T or treatment of cells
expressing RON WT with PV blocked association of b-catenin
with axin and GSK3b (Fig. 4, axin and GSK3b). The amounts
of axin or GSK3b in cell lysates were comparable for the
experimental conditions illustrated in Fig. 4 (data not shown).
We conclude from these experiments that mutant RON stabi-
lizes b-catenin by inhibiting complex formation between
b-catenin and axin, which prevents b-catenin serine phosphor-
ylation by GSK3b and its subsequent ubiquitination and deg-
radation. Because expression of RON M1254T or pretreat-
ment of RON WT cells with PV each causes b-catenin tyrosine
phosphorylation and increased stability, we suggest that inhi-
bition of complex formation between b-catenin and axin might
be caused by tyrosine phosphorylation of b-catenin.

Tyrosine-phosphorylated b-catenin does not interact with
axin. To evaluate the possibility that b-catenin tyrosine phos-
phorylation inhibits its association with axin, we estimated the
amount of b-catenin in axin IPs by Western blotting. The
amount of b-catenin coprecipitated with axin was decreased in
cells expressing RON M1254T mutant (Fig. 5A, b-catenin),
despite the increased total amount of b-catenin in these cells
(Fig. 1B, lower panel). Reprobing of the same membrane with
anti-PY antibodies gave a negative result: there is no tyrosine-
phosphorylated b-catenin in the complex with axin. Con-
versely, we were able to detect uncomplexed, tyrosine-phos-
phorylated b-catenin in cell lysate supernatants collected after
immunoprecipitation of axin (Fig. 5B). We also investigated
the association between axin and GSK3b kinase. Expression of
RON M1254T mutant did not inhibit axin and GSK3b associ-
ation (Fig. 5A, GSK3b). Thus our results indicate that RON
M1254T mutant-induced b-catenin tyrosine phosphorylation
prevents complex formation between b-catenin and axin, an
essential event for b-catenin proteasomal degradation.

RON mutants cause constitutive transcriptional activation
of Tcf-4 and increase c-myc and cyclin D1 expression by the
Tcf-dependent mechanism. Increased b-catenin occurs in
many human cancers (68, 84). It is believed that an increase in
b-catenin promotes tumor formation through activation of its
downstream targets. b-Catenin can form a complex with Tcf/
Lef transcriptional factors (57, 69). Tcf-4 transactivates tran-
scription only when it is associated with b-catenin (57). c-myc
and cyclin D1 genes contain a Tcf/Lef binding site in their
promoter regions (37, 108). These genes are potential targets
for transcriptional activation by b-catenin/Tcf (37, 101, 108)
and have been implicated in oncogenic cell transformation and
tumor development (9, 49, 58, 60, 86).

To investigate whether increased b-catenin in cells express-
ing RON mutants results in transcriptional activation of Tcf-4,
we transfected luciferase reporter plasmids containing three
copies of the Tcf-binding site (TOPFLASH) or three copies of
mutated Tcf-binding site (FOPFLASH, used as a negative
control, data not shown). Twenty-four hours before the trans-

FIG. 4. Expression of RON M1254T mutant prevents association
of b-catenin with the axin/GSK3b kinase complex and consequent
ubiquitination. WB, Western blotting; Contr., control. MDCK cells
expressing RON WT or M1254T mutant were cultured in the presence
of 25 mM proteasome inhibitor ALLN for 6 h. After that, cells were
lysed and b-catenin was immunoprecipitated. Tyrosine phosphoryla-
tion of b-catenin was detected by Western blotting with anti-PY anti-
bodies (PY). The b-catenin row shows results of reprobing with anti-
b-catenin antibodies. High-molecular-weight b-catenin is labeled by
the arrow on the left. Ubiquitinated b-catenin was detected by rep-
robing with antiubiquitin (UB). Its location corresponded to the posi-
tion of high-molecular-weight b-catenin. Axin in b-catenin precipitates
was detected by Western blotting with antiaxin antibodies (axin).
GSK3b kinase in b-catenin precipitates was detected by anti-GSK3b
antibodies (GSK3b). The GSK3b band is labeled by the arrow on the
left. The immunoglobulin G (IgG) heavy chains corresponding to
nonspecific bands are labeled by the arrow on the right. Positions of
molecular-weight markers are indicated on the right.
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fection, these cells were infected with adenoviral constructs
containing the b-Gal gene (a control construct) or DN Tcf-4.
Results show that expression of RON M1254T mutant leads to
constitutive transcriptional activation of Tcf as determined by
the luciferase assay (Fig. 6A, third bar from top). In RON
M1254T cells carrying the TOPFLASH and b-Gal-containing
constructs, we observed an approximately fourfold increase of
luciferase activity. Similar results were obtained when cells
were transfected with only the TOPFLASH plasmid (data not
shown). Expression of DN Tcf-4 in RON M1254T cells inhib-
ited activity of endogenous Tcf, as shown by a decrease of
luciferase activity in these cells (Fig. 6A, fourth bar from top).

Because c-myc and cyclin D1 are potential targets of b-cate-
nin/Tcf, we studied expression of these molecules in cells with
WT or M1254T RON. We detected c-myc and cyclin D1 in
lysates from MDCK cells expressing RON M1254T (Fig. 6B).

In all instances, expression levels were higher than those from
lysates of cells expressing RON WT. Expression of DN Tcf-4
decreased the level of both c-myc and cyclin D1 proteins in
cells with RON M1254T mutant (Fig. 6B). Our results indicate
that expression of RON M1254T leads to constitutive tran-
scriptional activation of Tcf and to a consequent increase in
c-myc and cyclin D1 by the Tcf-dependent mechanism.

Tumorigenic MET mutant M1268T also activates b-catenin
pathway. The finding of germ line and somatic mutations in the
MET proto-oncogene in papillary renal carcimonas directly
implicated the MET gene in the pathogenesis of this disease
(98, 99). The oncogenic mutation M1268T in the MET kinase
domain is at the position that is homologous to the M1254T
mutation in RON. The fact that the RON M1254T mutant

FIG. 5. (A) Tyrosine-phosphorylated b-catenin is not associated
with axin. WB, Western blotting; Contr., control. MDCK cells express-
ing RON WT or M1254T mutant were cultured in the presence of 25
mM proteasome inhibitor ALLN for 6 h. After that, cells were lysed
and axin was immunoprecipitated and prepared for Western blotting
by SDS-PAGE and transfer to a nitrocellulose membrane. Tyrosine-
phosphorylated proteins (PY), b-catenin , GSK3b, and axin itself in
axin precipitates were detected by anti-PY, anti-b-catenin, anti-GSK3,
and antiaxin antibodies, respectively. Positions of molecular-weight
markers are indicated on the right. (B) Tyrosine-phosphorylated
b-catenin is detected in axin-uncomplexed fraction. After removal of
axin from cell lysates by immunoprecipitation (described for panel A),
tyrosine-phosphorylated proteins were immunoprecipitated by anti-PY
antibodies and separated by SDS-PAGE. One of the phosphorylated
proteins was b-catenin, detected by Western blotting with anti-b-cate-
nin antibodies. Positions of molecular-weight markers are indicated on
the right.

FIG. 6. (A) RON M1254T receptor mutant causes constitutive
transactivation of Tcf consensus sequence (TOPFLASH)-driven tran-
scription in MDCK cells. MDCK cells expressing RON WT or
M1254T mutant were infected with adenovirus encoding b-Gal or DN
Tcf-4, and 24 h later these cells were transfected with luciferase re-
porter plasmids containing WT (TOPFLASH) or mutated (FOPFLASH)
Tcf promoter. Tcf activity was determined by a luciferase assay as
described in Materials and Methods. Data were normalized for total
protein concentration. Data for a negative control FOPFLASH are not
shown. Luciferase activity was calculated in fold increase, where lucif-
erase activity in cells expressing RON WT and b-Gal was taken for 1.
Bar graph data are means 6 standard errors of three independent
experiments. (B) The increased level of c-myc and D1 expression in
cells with mutated RON is mediated by Tcf. MDCK cells expressing
RON WT or M1254T mutant were infected with adenovirus encoding
b-Gal or DN Tcf-4. After 48 h the amount of c-myc and cyclin D1 was
determined in total lysates from cells by Western blotting (WB) with
anti-c-myc and anti-cyclin D1 antibodies. The b-actin panel serves as a
control showing an equal amount of protein in each sample. Positions
of molecular-weight markers are indicated on the right.
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causes activation of the b-catenin pathway suggested that MET
M1268T could also induce activation of the same pathway. To
test this hypothesis, we used a polyclonal population of NIH
3T3 cell lines stably expressing MET M1268T or MET WT (as
a control) (72). In agreement with previous data (51, 72), we
observed constitutive tyrosine phosphorylation of the M1268T
MET mutant (Fig. 7B). Results also demonstrated that expres-
sion of MET M1268T causes constitutive activation of Tcf
transcriptional activity (Fig. 7A) and that increased c-myc and
cyclin D1 are dependent on Tcf activity (Fig. 7B). Thus, both
mutated RON and MET induce b-catenin accumulation and
its activation.

RONkd inhibits activation of b-catenin pathway and de-
creases transforming ability of MET M1268T mutant. It was
shown previously that coexpression of RONkd (lysine at posi-
tion 1114 in the ATP-binding pocket of the RON kinase do-
main was replaced by alanine) with oncogenic MET mutants
reduced the number of foci induced by the MET mutants (29).
Thus, MET transforming ability was impaired by RONkd;
however, the molecular mechanism underlying the effect of
RONkd was not elucidated. We hypothesized that RONkd
may inhibit activation of the b-catenin pathway mediated by
the oncogenic MET mutants. To test this hypothesis, RONkd
(in our case, Lys1114 was replaced by Met) was expressed in
NIH 3T3 cells carrying M1268T or WT MET (as a control).
The effect of RONkd on mutant MET-mediated transforma-
tion was studied in a focus-forming assay. Results show that
RONkd significantly inhibited the number of foci formed by
NIH 3T3 cells expressing the MET mutant (Fig. 8A). We
found that RONkd inhibited association between MET
M1268T and b-catenin (Fig. 8B). b-catenin is coimmunopre-
cipitated with both MET WT and M1268T from cells trans-
fected with a control plasmid (containing an EGFP gene),
whereas b-catenin is not coprecipitated with MET from cells
expressing RONkd (Fig. 8B, IP:MET, WB:b-catenin). b-Cate-
nin appeared in RON precipitates (Fig. 8B, IP:RON, WB:
b-catenin). Relocation of b-catenin from MET to RON pre-
cipitates is accompanied by reduction of both the intracellular
level of b-catenin and its tyrosine phosphorylation level (Fig.
8B, IP:b-catenin), but it does not affect M1268T MET tyrosine
phosphorylation (Fig. 8B, IP:MET, WB:PY). Decreased b-
catenin in cells coexpressing M1268T MET and RONkd cor-
relates with the decreased level of b-catenin downstream tar-
gets c-myc and cyclin D1 (Fig. 9A), but there is no reduction in
activation of JNK and MAPK pathways induced by the
M1268T MET mutant (Fig. 9B). Similar results were obtained
when RONkd was expressed in cells carrying the M1254T
RON mutant (data not shown).

DISCUSSION

Experimental mutations in the conserved region of the RON
kinase domain (D1232V, KIT type; M1254T, RET/MET type)
cause the RON receptor to become oncogenic (95, 117). To
investigate signaling pathways contributing to RON mutant-
mediated oncogenic cell transformation, we established
MDCK and NIH 3T3 cell lines expressing WT or M1254T or
D1232V RON receptors. Because RON is an RTK which be-
came constitutively active as a result of the M1254T or

D1232V mutations, we looked for tyrosine-phosphorylated in-
tracellular proteins that might be substrates for RON mutants.

The investigation showed that b-catenin is constitutively ty-
rosine phosphorylated in cells expressing mutated but not WT
RON even after its activation by the ligand (Fig. 1B, upper
panels). These data suggest that in addition to constitutive
ligand-independent kinase activation, M1254T and D1232V
mutations in RON might cause a switch of RON kinase sub-
strate specificity or inhibition of catalytic activity of tyrosine-

FIG. 7. (A) MET M1268T receptor mutant causes constitutive
transactivation of Tcf consensus sequence (TOPFLASH)-driven tran-
scription in NIH 3T3 cells. Activity of Tcf-4 in NIH 3T3 cells express-
ing MET WT or M1268T was determined by luciferase assay as de-
scribed in the legend to Fig. 6A. Luciferase activity in cells expressing
MET WT and b-Gal was set equal to 1. Bar graph data are means 6
standard errors of three independent experiments. (B) The increased
level of c-myc and D1 expression in cells with mutated MET is medi-
ated by Tcf. NIH 3T3 cells expressing MET WT or M1268T were
infected with an adenovirus encoding b-Gal or DN Tcf-4. After 48 h
the amount of c-myc and cyclin D1 was determined in total lysates
from cells by Western blotting with anti-c-myc and anti-cyclin D1
antibodies. MET tyrosine phosphorylation was determined by anti-PY
antibodies in MET IPs. To estimate the amount of the MET in pre-
cipitates, the blot was probed with anti-MET antibodies (upper band,
immature MET [170 kDa]; lower band, mature MET [140 kDa]).
Tyrosine phosphorylation of b-catenin was detected by Western blot-
ting (WB) with anti-PY antibodies. The amount of b-catenin in pre-
cipitates was determined with anti-b-catenin antibodies. The b-actin
panel serves as a control showing an equal amount of protein in each
sample. Positions of molecular-weight markers are indicated on the
right.
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specific phosphatases responsible for b-catenin dephosphory-
lation. Previously observed effects on cell signaling caused by
the same RON mutants (95) or by oncogenic RET and MET
receptor mutants (4, 51, 78, 93) favor the possibility that the
kinase substrate specificity of the mutant receptor differs from
that of the WT (54).

What kinases are responsible for growth factor RTK-in-
duced b-catenin tyrosine phosphorylation? We obtained evi-
dence that oncogenic RON mutants can phosphorylate b-cate-
nin. RON and b-catenin were reciprocally coprecipitated (Fig.
2A), and in an in vitro kinase assay, nonphosphorylated b-cate-
nin was phosphorylated when it was mixed with RON mutant
IPs (Fig. 2B, upper panel). This indicates that b-catenin is a
substrate for mutated RON or for a kinase that associates with
and is activated by mutated RON. In other systems, b-catenin
has been found associated with the epidermal growth factor
(EGF), c-Erb-2, or MET receptor (38, 41, 54) and b-catenin is
tyrosine phosphorylated in cells stimulated by ligands for these
receptors (40, 41, 45, 80). The capacity to directly phosphory-

FIG. 8. (A) Expression of RONkd reduces the transforming ability
of the oncogenic M1268T MET mutant. RONkd or EGFP (a control)
was coexpressed in NIH 3T3 cells carrying M1268T or WT (as a
control) MET. MET transforming activity was determined by a focus-
forming assay 3 weeks after transfection and culture in the presence of
selective antibiotics. To count foci, cells were subjected to Giemsa
staining. The bar graph (data are means 6 standard errors of three
independent experiments) represents the results. The inset shows rep-
resentative plates. (B) Expression of RONkd interferes with MET/b-
catenin association, leading to reduction of the b-catenin level and
inhibition of its tyrosine phosphorylation. NIH 3T3 cells expressing
WT or M1268T MET were transfected by RONkd or EGFP (a con-
trol) cDNA, and 3 weeks later cell lysates were analyzed by Western
blotting (WB). MET tyrosine phosphorylation was determined by an-
ti-PY antibodies in MET IPs. To estimate the amount of MET or
b-catenin in precipitates, the blot was probed with anti-MET (upper
band, immature MET [170 kDa]; lower band, mature MET [140 kDa])
or anti-b-catenin antibody, respectively. The amount of RON and
b-catenin in RON precipitates was determined with anti-RON and
anti-b-catenin antibodies, respectively. Tyrosine phosphorylation of
b-catenin was detected by Western blotting with anti-PY antibodies.
The amount of b-catenin in precipitates was determined with anti-b-
catenin antibodies. Positions of molecular-weight markers are indi-
cated on the right.

FIG. 9. Expression of RONkd reduces the level of c-myc and cyclin
D1 in cells with M1268T MET but does not affect M1268T MET-
induced activation of JNK and MAPK. NIH 3T3 cells with WT or
M1268T mutant were transfected with RONkd or EGFP cDNAs, and
3 weeks later cell lysates were analyzed by Western blotting (WB). (A)
The amount of c-myc and cyclin D1 was determined in total lysates
from cells by Western blotting with anti-c-myc and anti-cyclin D1
antibodies, respectively. The b-actin panel serves as a control showing
an equal amount of protein in each sample. Positions of molecular-
weight markers are indicated on the right. (B) Activation of JNK and
MAPK in cell lysates was determined by anti-phospho-JNK and anti-
phospho-MAPK antibodies, respectively. The amount of JNK (the two
bands represent p46 JNK1 and p54 JNK2) and of MAPK (the two
bands represent p42 and p44 ERK1/ERK2) was determined by rep-
robing of the membrane with JNK and anti-MAPK antibodies, respec-
tively. Positions of molecular-weight markers are indicated on the
right.
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late b-catenin has been shown only for the EGF receptor (41).
Another possibility is that growth factor-induced b-catenin
tyrosine phosphorylation is mediated by c-Src or c-Src-related
kinases. Cell stimulation with growth factors causes activation
of c-Src in many cases (67, 112), and active c-Src can phos-
phorylate b-catenin as well other proteins of adherens junc-
tions (11, 36, 87, 111).

RON mutant-induced b-catenin tyrosine phosphorylation is
associated with increased cellular b-catenin (Fig. 1B, lower
panel) and a decreased degradation rate (Fig. 3). Likewise,
treatment of cells with PV, a tyrosine phosphatase inhibitor,
causes both tyrosine phosphorylation of b-catenin and its met-
abolic stability (Fig. 3). These data suggest that b-catenin ty-
rosine phosphorylation may play a role in its stabilization.
Consistent with this idea is a positive correlation between an
EGF-induced increase in the cellular pool of b-catenin and the
level of b-catenin phosphorylation (70).

A search for the mechanism underlying RON mutant-in-
duced b-catenin accumulation revealed that expression of
RON mutants inhibited complex formation between b-catenin
and axin (Fig. 4), a step required for ubiquitination and pro-
teasomal degradation of b-catenin (26, 44). Analysis of axin-
coupled and uncoupled fractions of b-catenin showed no phos-
phorylated tyrosine residues in the b-catenin coupled to axin
(Fig. 5A), whereas axin-free b-catenin was tyrosine phosphor-
ylated (Fig. 5B). These results suggest that tyrosine phosphor-
ylation of b-catenin prevents its association with axin. A similar
protein stabilization mechanism has been described for IkB. In
resting cells, NF-kB is sequestered in an inactive state by as-
sociation with IkB. Release from this sequestration is caused
by phosphorylation of IkB at a consensus phosphorylation
motif that includes serines 32 and 36. This leads to ubiquiti-
nation and proteasome-mediated degradation of IkB. Serine
phosphorylation of IkB and its resulting degradation can be
prevented by phosphorylation of tyrosine 42 (46, 103). Thus,
tyrosine phosphorylation might be a general mechanism for
protecting proteins from ubiquitin-dependent proteolysis.

Three possible mechanisms of b-catenin dissociation from
axin have been proposed: (i) Wnt-dependent dephosphoryla-
tion of axin leading to its rapid degradation, (ii) Wnt-induced
dephosphorylation of axin that decreases its affinity for b-cate-
nin and GSK3b, and (iii) involvement of FRAT1, a protein
which binds to GSK3b and inhibits GSK-dependent phosphor-
ylation (55, 109, 116, 118). Our data suggest the existence of an
additional mechanism involving tyrosine phosphorylation of
b-catenin. Because RON mutants did not block axin interac-
tion with GSK3b (Fig. 5A) and because we did not detect
changes in axin and GSK3b expression levels or inhibition of
GSK3b kinase activity (data not shown), the simplest explana-
tion is that tyrosine phosphorylation of b-catenin causes con-
formational changes that decrease its affinity for axin. The data
showing that tyrosine-phosphorylated b-catenin undergoes
conformational changes during mouse oocyte development
(76) support this view. On the other hand, our data cannot
exclude that tyrosine-phosphorylated b-catenin and axin are
located in spatially different subcellular pools, which prevents
complex formation between these proteins.

Tyrosine phosphorylation of b-catenin has been observed in
a number of apparently unrelated conditions: in the response
to growth factors and cytokines (39–41, 45, 54, 70, 100), in

Src-transformed cells (36, 90, 111), and in mouse oocyte de-
velopment (76). What is the physiological role of b-catenin
tyrosine phosphorylation? Two distinct roles for b-catenin
have been established, one in the maintenance of cell-cell
adhesion and the other in transcription of genes involved in
growth and development. It is believed that tyrosine phosphor-
ylation of b-catenin causes loss of intercellular adhesion me-
diated by E-cadherins (6, 19, 63, 70). In addition to effects on
E-cadherin-associated b-catenin, tyrosine phosphorylation is
involved in regulation of the free cytoplasmic pool of b-cate-
nin, the pool that transduces signaling and activates gene ex-
pression (68, 79, 84).

We have shown that expression of RON RTK oncogenic
mutants leads to increases in b-catenin and its potential down-
stream oncogene target products, c-myc and cyclin D1. The
increased levels of c-myc and cyclin D1 proteins in cells ex-
pressing M1254T or D1232V RON receptor mutants is due to
constitutive transcriptional activation of Tcf-4 (Fig. 6), which is
known to be in the b-catenin pathway. It is believed that the
increase in b-catenin which occurs in many human cancers (14,
16, 57, 69, 92, 96) promotes tumor formation through activa-
tion of these downstream targets. c-myc and cyclin D1 genes
have been implicated in oncogenic cell transformation and
tumor development (9, 49, 58, 60, 86).

We also found that activation of the b-catenin pathway by
constitutively active mutated RTK is not unique for RON.
Expression of the oncogenic MET M1268T mutant affects
b-catenin in a similar way. In cells with the MET mutant we
detected accumulation of b-catenin, constitutive activation of
Tcf, and a Tcf-dependent increase in c-myc and cyclin D1
expression (Fig. 7).

To show a role of the b-catenin pathway in cellular trans-
formation induced by mutated RON and MET, RONkd was
coexpressed in NIH 3T3 cells carrying mutated RON or MET.
Our results (Fig. 8A) correlate with previously published data
that the expression of RONkd reduces the number of foci
induced by the active MET mutants (29). We found that RON
kd competes with activating MET (Fig. 8B) and RON mutants
for b-catenin association. It can make b-catenin unavailable as
a substrate for constitutively active MET and RON kinases,
leading to reduced b-catenin tyrosine phosphorylation and de-
crease in b-catenin, c-myc, and cyclin D1 (Fig. 8B and 9A). At
the same time, expression of RONkd does not affect activation
of JNK and MAPK pathways (Fig. 9B) caused by mutated
MET. It was shown previously that activation of JNK and
MAPK pathways is essential for cell transformation by MET
(4, 52, 88). Inhibition of either pathway resulted in significant
but partial reduction of MET transforming potential. It has
been shown that expression of the stabilized b-catenin mutant
which activates Tcf is not sufficient to cause cell transforma-
tion, whereas Wnt-1-induced b-catenin accumulation and Tcf
activation correlate with cell transformation supports (119).
These data together with our results suggest that several path-
ways can contribute to MET-induced transformation; cooper-
ation between these pathways might be important.

Using RONkd, we selectively interfered with activation of
the b-catenin pathway, leading to inhibition of MET and RON
mutant transforming potential. Thus, the mechanism of b-cate-
nin accumulation described in this paper is involved in onco-
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genic cell transformation induced by tumor-causing RON and
MET mutants.
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